Background--Limiting dietary sodium consumption is a core lifestyle recommendation for the prevention of hypertension. There is increasing evidence that low potassium consumption also increases hypertension risk. We estimated sex-specific 22-year trends in sodium and potassium consumption.
S
tudies support a role for both sodium and potassium consumption in the development of hypertension and cardiovascular disease. [1] [2] [3] Current national survey data indicate that most Americans consume far more sodium and less potassium than the recommended 4 maximum of 2300 mg/day of sodium and minimum of 4700 mg/day of potassium, with lower sodium recommendations for certain high-risk groups. 5 Sodium restriction has been a component of the Dietary Guidelines for Americans since its introduction in 1980, 6 and national health organizations have encouraged individuals to use less salt, read labels for sodium content, and request lowsalt options and have urged industry to lower the sodium content of commercially prepared food products. In contrast, little attention has been directed at increasing potassium consumption in the population. Data available to evaluate long-term trends in sodium and potassium intake in the United States population over the last several decades are limited, and findings across studies are inconsistent. [7] [8] [9] [10] Furthermore, population-representative data are scant, and dietary assessment from national surveillance has not been completely consistent. To contribute to the limited number of studies of trends in the consumption of these nutrients, this article describes trends in sodium and potassium consumption from 1985-1987 through 2007-2009 , using data from the Minnesota Heart Survey (MHS).
Since its survey in [1985] [1986] [1987] , the MHS has employed rigorous and consistent methods for dietary assessment and nutrient coding, offering an opportunity to examine long-term sodium and potassium trends. We hypothesized that sodium consumption has not declined over the 22-year study period and that potassium consumption has been lower than the recommended 4700 mg/day over the 22 years.
Methods

Minnesota Heart Survey
The Minnesota Heart Survey (MHS) is a population-based surveillance study of trends in cardiovascular disease risk factors in the Minneapolis-St. Paul, Minnesota, 7-county metropolitan area. 11, 12 The MHS selected a probability sample of noninstitutionalized adults at each of 5 cross-sectional surveys conducted in 1985-1987, 1990-1992, 1995-1997, 2000-2002, and 2007-2009 . Data were also collected in 1980-1982, but we restricted the present analysis to data from 1985-1987 onward because of changes in sodium assessment (described in the Dietary Intake Assessment section). The MHS employed a 2-stage cluster sampling design. Clusters (n=704) of %1000 households each were derived from census maps, among which 40 clusters were randomly selected to represent the study area. At each survey, population growth was calculated in all 704 clusters, with new clusters selected to account for population growth. The 40 original clusters were used until 1995, when urban growth merited the addition of household clusters to ensure representation of the region. In 1995-1997 and 2000-2002, 4 new clusters, for a total of 44 clusters, were randomly selected from 10 clusters that were identified as high-growth areas that exhibited an increase of ≥250% in the number of households from the 1980 to the 1990 census. In 2007-2009, based on the same population growth methodology, 3 clusters were added to account for growth in suburban areas for a total of 47 clusters. Within each cluster, household addresses were randomly sampled without replacement, meaning that households were not eligible to be sampled in >1 MHS study period.
Individuals were eligible to participate if they were aged 25 to 74 years for study periods through 1985-1987, after which eligibility was extended to 84 years of age. In 2000-2002, youth aged 8 to 17 were also included. The current analysis was restricted to those aged 25 to 74.
Trained in standardized procedures, a study interviewer visited selected households to administer a 15-to 45-minute home interview that assessed participant sociodemographic characteristics, medical history, smoking status, and health knowledge, attitudes, and beliefs. Study participants were also asked to attend a local clinic visit for physical measures and collection of a 24-hour dietary recall. Study staff measured participant height and weight using standard protocols. Body mass index (BMI) was calculated as weight (in kilograms) divided by height (meters squared). Response rates ranged from 64% to 69% across the 6 study periods. MHS survey respondents were slightly more likely to be married, employed, better educated, and nonsmokers, as compared with nonrespondents.
Written consent was obtained from all study participants. Consent and data collection procedures for each survey were approved by the University of Minnesota Research Subjects' Protection Programs Institutional Review Board.
Dietary Intake Assessment
A 24-hour dietary recall was obtained from a random 50% sample of participants who completed the clinic survey, with the exception of study period 2000-2002, during which all clinic participants were asked to complete the dietary recall.
Interviewers who collected 24-hour dietary recall data were trained and certified by the University of Minnesota Nutrition Coordinating Center. Dietary recall data were collected inperson using a multiple-pass approach. A listing of all foods and beverages consumed in the previous 24 hours was obtained, followed by detailed information about each reported food and beverage, including the amount consumed and method of preparation. Three-dimensional food models along with visual aids (eg, household measuring cups and spoons, rulers) were available to assist in reporting portion size.
Several sodium-specific questions were included in MHS dietary assessments, beginning in 1985-1987. Participants were asked if a food item was reduced in sodium or low sodium when applicable and whether salt was added in the preparation of foods in which salt may be added in cooking. This information was used in coding foods for calculating sodium intake. Salt added to food at the table was not assessed.
For all surveys, the University of Minnesota Nutrition Coordinating Center Food and Nutrient Database was used to calculate sodium and potassium intake from foods. 13 To keep pace with changes in the marketplace, this database was expanded and updated on an ongoing basis with a new version released annually. In 1984 the database underwent a major sodium update that included the addition of a number of low-sodium products such as unsalted butter, margarine, and potato chips. The update also included expanding entries for food items that vary in sodium and potassium content. As an example, separate entries were created for fresh, frozen, and canned vegetables to account for the generally higher sodium content of canned vegetables (before the update, nutrient values for fresh and frozen vegetables were used for all cooked vegetables). The 24-hour dietary recall information was collected manually (paper and pencil) until 1995, when computerized direct data entry was introduced (Nutrition Data System for Research software) and used in the 1995-1997 and subsequent surveys.
14 The 2 approaches (paper and pencil versus Nutrition Data System for Research) did not yield significantly different estimates of nutrient consumption on the basis of a substudy of 100 participants from whom data were collected using both methods. For example, there was a 3.2-kilocalorie difference in estimated total caloric intake and a 1.1% difference in calories obtained from fat (P>0.05 for both; unpublished data, Donna Arnett, PhD, 1998). Survey-specific mean intake of sodium and potassium was estimated using a generalized linear mixed model to account for the 2-stage sample design. The model adjusted variance estimates for correlations among MHS participants that resulted from neighborhood-based clustered sampling. Sexspecific trends were calculated because of significant differences in food intake. Furthermore, sex-specific trends were estimated by 15- ). We did not adjust for total energy intake in primary age-adjusted analysis because we wanted to compare mean intake estimates to recommended intake levels. In separate analyses, we adjusted for total energy to examine the effect of changes in energy intake.
Statistical Analysis
Results
Demographic characteristics of the MHS sample changed over the 5 surveys ( (Table 2) . Sodium consumption trends were stable within all strata of age, education, and BMI, except for a statistically significant increase in sodium intake among men 55 to 74 years of age (P trend =0.004; Table 2 ). Potassium intake declined among men aged 25 to 39 (P=0.02) and those aged 40 to 54 (P=0.03), but increased among those aged 55 to 74 (P=0.005; Table 2 ). Mean nutrient intake did not differ in men across education and BMI categories, except estimated sodium intake was lower among older men compared with younger men (Table 2) . Estimated mean sodium intake did not materially change on additional adjustment for total energy, but age-group-specific potassium trends were attenuated and no longer statistically significant ( Figure 1 , Table S1 ). Among women, sodium intake increased over the study period in both age- (Table 3 ) and age-and energy-adjusted analyses (P trend <0.05 for both; Figure 1 , Table S2 ). Ageadjusted mean sodium intake was lower among older compared with younger women: 2007-2009 age-adjusted estimates ranged from 2519 among 55-to 74-year-olds to 3120 among 25-to 39-year-olds (P=0.003; Table 3 ). Ageadjusted potassium intake also increased among women overall and in all subgroups (Table 3) . On further adjustment for total energy consumption, however, potassium trends were generally attenuated (Table S2) .
Over the 5 study periods, mean age-adjusted intake of sodium and potassium among women was appreciably lower than men, a difference that appeared to be largely attributable to differences in energy intake. Estimates of sodium and potassium (in milligrams) per 1000 kilocalories were similar in men and women (Figure 2 ; Tables S3 and S4 ).
Discussion
We quantified long-term trends in sodium and potassium consumption in a population-based sample of adults. Over 22 years, mean dietary sodium intake was either stable or increased, depending on demographic subgroup, despite decades-long public health efforts aimed at reducing sodium. In both men and women and within all subgroups of age, educational attainment, and BMI, current mean sodium intake exceeded the maximum recommended amount of 2300 mg/ day for individuals, which has also been established as the upper limit for safe consumption. 15 In all subgroups, potassium intake remained lower than the 4700 mg/day recommendation, with stable or increasing consumption over the 22-year study period. Few population-based data exist to assess long-term trends in sodium and potassium consumption. Among available studies, inconsistencies in dietary assessment, study samples, and analytic approaches may limit comparisons. A strength of the MHS data is the rigor and consistency of dietary assessment over the study period, particularly with respect to sodium. In comparison, the National Health and Nutrition Examination Survey (NHANES), which also assessed intake from 24-hour dietary recall, instituted several changes that could affect estimates of consumption trends, including using different nutrient databases for different survey cycles and adding aids to improve participant recall. 8 The most recent sodium consumption estimates from MHS and NHANES are remarkably similar, but there are apparent differences in subgroup trends. Aside from changes in NHANES dietary assessment, there are several possible explanations for these differences. A notable difference is that NHANES includes a greater representation of nonwhite racial/ethnic groups than does MHS. Direct comparisons are also complicated by differences in survey administration years, age-group cut points, and statistical adjustment. However, despite these differences, both MHS and NHANES show that population consumption of sodium has been and remains too high, whereas potassium consumption remains too low. Several other US-based studies of sodium, but not potassium, trends have been published. A national dietary survey conducted by General Mills suggested a small decline in overall mean sodium consumption between 1980-1982 and 1990-1992 because of estimated decreases in discretionary sodium consumption from salt added in cooking and at the table, whereas sodium from foods increased over the same period, particularly among women. 9 As in MHS and NHANES data, mean daily sodium intake exceeded recommended levels, decreasing from 4047 to 3174 mg in 1990-1992. Sodium estimates in the General Mills study were derived from 14-day food diaries of specific foods consumed that lacked information on food quantity. This assignment may not have accurately reflected sodium consumption. In addition, food and nutrient databases were changed in the last of 4 rounds of data collection.
A recent meta-analysis of 24-hour urinary sodium excretion estimates from studies published between 1957 and 2003 supported a small, statistically nonsignificant increase in sodium consumption over time. 10 The use of urinary sodium excretion data provides a more precise estimate of sodium consumption compared with dietary reports, but study participants included in the meta-analysis may not have been representative of the US population. Much policy work has been directed at sodium consumption, but potassium has received little attention. Evidence indicates that dietary recommendations have not yielded desired changes in sodium and potassium intake levels, and the extensive public health efforts with respect to sodium reduction specifically have not been successful over the past 22 years. Other countries have achieved population reductions in sodium through a combination of public education, government regulations, and working with food production and preparation professionals. 17, 18 Between 75% and 80% of sodium consumed in the United States is estimated to derive from food that is commercially produced or prepared in restaurants, 17, 19, 20 illustrating the importance of working with these industries in sodium-reduction efforts. Importantly, evidence suggests that the removal of a substantial amount of salt from prepared foods can be acceptable to the population and need not result in compensatory intake.
21-23
The prospects for universal sodium reduction strategies to yield substantial improvements in population health are supported by clinical and population data. A recent metaanalysis of trial supported significant declines in blood pressure among both hypertensives (À7.1/3.9 mm Hg) and normotensives (À3.6/1.7 mm Hg) from 6 g lower salt consumption (2358 mg sodium). 24 A simulation study estimated that sodium declines of 1200 mg/day would have large impacts on the incidence of coronary heart disease (annual reduction of between 60 000 and 120 000 cases), stroke (reduced by between 32 000 and 66 000), and deaths from any cause (between 44 000 and 92 000). 25 In Finland, population-level declines in sodium consumption have corresponded with temporal declines in blood pressure and mortality due to stroke and coronary heart disease. 26 Although potassium has received less attention, studies show that achieving an adequate intake (AI) of potassium (4.7 g [120 mmol]/day for adults) may yield important health benefits. 15 In a meta-analysis of randomized trials, Geleijnse and colleagues 27 found that a median increase in potassium intake of 44 mmol/day was associated with a 2.42 mm Hg lower (À3.75, À1.08) systolic and 1.57 mm Hg lower (À2.65, À0.50) diastolic blood pressure. A shift away from high-sodium processed foods toward a diet rich in fruits and vegetables would have positive effects on both sodium and potassium consumption in the population. Furthermore, requiring potassium content be added to food labels would enable consumers to make informed choices. Our study has strengths and limitations. The MHS employed consistent methods of dietary assessment and specifically probed for sodium-containing foods throughout the 22-year study period, along with regular updates of the nutrient database, including the sodium and potassium content of foods. It is possible that the Nutrition Coordinating Center database does not represent all changes in the food supply, but to our knowledge it stands as the most complete and consistent source of dietary nutrient data. In contrast, NHANES has undergone meaningful changes in dietary assessment over the same period, particularly during early data collection periods.
Limitations related to dietary assessment using the 24-hour recall apply to both MHS and NHANES. In both, nutrient intake is likely underestimated because of underreporting of food intake-a well-known shortcoming of selfreport dietary assessment methods, including the 24-hour dietary recall methodology 28 -and the lack of data on salt added at the Mea 1985-1987 1990-1992 1995-1997 2000-2002 2007-2009 MHS Survey Year 1985 1987 1990 1992 1995 1997 2000 2002 2007 2009 1985-1987 1990-1992 1995-1997 2000-2002 2007-2009 MHS Survey Year could be speculated that the magnitude of underreporting has increased over time because BMI increased over time, and it is well known that overweight and obese people underreport consumption to a greater extent than healthy-weight people. 28 We note that in MHS energy intake appeared to increase among women, but not among men, mirroring our findings for nutrient consumption. National data support increased energy consumption, 29 consistent with increases in BMI in the MHS sample. Although day-to-day intraindividual variability in dietary intake is a concern when collecting a single 24-hour recall, one 24-hour recall is a valid measure of group mean nutrient intake. 30 However, one 24-hour recall will not enable us to distinguish within-and between-person variability in consumption. Because within-person variability is such a large component of variability in nutrient consumption, we cannot derive valid estimates of the overall population distribution. 31 We were thus unable to present data on the percentage of the MHS sample who complied with sodium and potassium recommendations. Participants in this study were predominantly white adults living in the Minneapolis-St. Paul metropolitan area, and it is possible that our estimates of absolute nutrient consumption or trends in intake may not represent those of other populations. However, as discussed, our estimates were very similar to those from national surveillance data (NHANES).
In summary, despite decades of dietary recommendations to limit intake, our data suggest that sodium intake has not declined over the past 22 years. Mean levels of sodium consumption exceeded the recommended upper limit for individuals of 2300 mg/day in all population subgroups examined. Furthermore, potassium consumption remains lower than the recommended 4700 mg/day. These data underscore the need for population-based interventions, such as consumer education, improved product labeling, changes in food production and restaurant offerings, and increased incorporation of potassium-related interventions.
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